The tumor suppressor p53 preserves genome integrity by inducing transcription of genes controlling growth arrest or apoptosis. Transcriptional activation involves nucleosomal perturbation by chromatin remodeling enzymes. Mammalian SWI/SNF remodeling complexes incorporate either the Brahma-related gene 1 (BRG1) or Brahma (Brm) as the ATPase subunit. The observation that tumor cell lines harboring wild-type p53 specifically maintain expression of BRG1 and that BRG1 complexes with p53 prompted us to examine the role of BRG1 in regulation of p53. Remarkably, RNAi depletion of BRG1, but not Brm, led to the activation of endogenous wild-type p53 and cell senescence. We found a proline-rich region unique to BRG1 was required for binding to the histone acetyl transferase protein, CBP, as well as to p53. Ectopic expression of a proline-rich region deletion mutant BRG1 that is defective for CBP binding inhibited p53 destabilization. Importantly, RNAi knockdown of BRG1 and CBP reduced p53 poly-ubiquitination in vivo. In support of p53 inactivation by the combined activities of BRG1 and CBP, we show that DNA damage signals promoted disassociation of BRG1 from CBP, thereby allowing p53 accumulation. Our data demonstrate a novel function of the evolutionarily conserved chromatin remodeling subunit BRG1, which cooperates with CBP to constrain p53 activity and permit cancer cell proliferation.
Introduction
Diverse stress signaling pathways converge on the tumor suppressor p53, which orchestrates a transcription program to maintain genome integrity by inducing growth arrest, replicative senescence or apoptosis (Lane, 1992; Vousden and Lane, 2007) . Cancer cells circumvent this proliferative restriction by selecting for loss or mutation of the p53 gene (Soussi and Wiman, 2007) . Nonetheless, nearly 50% of human malignancies express wild-type p53 but often exhibit other changes, such as epigenetic silencing of p14ARF or amplification of the mdm2 locus (Oliner et al., 1992; Sherr, 2001) . Activity of p53 is strictly coordinated as response to genomic insult or aberrant oncogenic signaling; otherwise p53 is rapidly degraded by the proteasome. The major regulator of p53 catabolism is the E3 ubiquitin ligase mdm2, but other factors including Pirh2, ARF-BP1, Cop1, E4F1 and HAUSP were reported to destabilize p53 (Brooks and Gu, 2006; Le Cam et al., 2006) . Histone acetyl transferase (HAT) proteins, p300 and pCAF, were also reported to posses HAT-independent ubiquitin ligase activity (Grossman et al., 2003) . HAT proteins are best known as histone and transcription factor acetylates that alter chromatin structure and activate transcription (Lee and Workman, 2007) . Degradation of p53 is counteracted by acetylation of multiple lysine residues (Brooks and Gu, 2003) , which interferes with ubiquitination and underscores the complexity of p53 inactivation mechanisms.
Eukaryotic genomes are wrapped around histones that restrict stochastic access to the genetic information embedded in DNA. Chromatin remodeling enzymes (CREs) facilitate the entry of transcription complexes to specific segments of DNA by disrupting the histone-DNA contacts. Though the components of CRE complexes are conserved from yeast to humans, the interplay between the CREs and p53 in integrating stress signals and cell survival has remained enigmatic. Mammalian SWI/SNF incorporates either one of the highly related ATPase subunits Brahma (Brm) or Brahma-related gene 1 (BRG1), which share 75% identity at the amino-acid level. Brm knockout mice are normal with a slight increase in body weight; paradoxically, BRG1 knockout caused pre-implantation lethality Bultman et al., 2000) . These contrasting BRG1 and Brm knockout phenotypes led us to investigate the distinguishing functions of these proteins and their effect on p53 based on our observation that BRG1 is uniformly expressed in cancer derived cell lines that harbor wild-type p53, whereas BRG1deficient tumor cells contain p53 mutations or do not express p53 ( Supplementary Table S1 ). From these inferences we hypothesized that BRG1 may constrain p53 activity in the proliferating cells.
Results

BRG1 restricts endogenous p53 and senescence
To address whether tumor cell lines that express wildtype p53 require BRG1, we used RNA silencing to specifically deplete BRG1 in HeLa, G401 and RKO cell lines originating from cervical, rhabdoid and colon cancers, respectively. BRG1 depletion resulted in the stabilization of p53 protein in each of these cell lines and was accompanied by induction of the p53 transcriptional target p21Cip1 (Figures 1a-c) . In contrast, RNAi knockdown of the BRG1 paralog Brm did not increase p53 protein levels (Supplementary Figure S1 ). In HeLa cells, the complex of the human papillomavirus E6 protein and the ubiquitin ligase E6AP stimulates p53 protein degradation, whereas mdm2-mediated p53 ubiquitination was reported to be inactive (Hengstermann et al., 2001) . BRG1 depletion did not alter the levels of E6 protein (Supplementary Figure S7 ). We also observed that RNA silencing of BRG1 in HPV-negative p53 wild-type cell lines, G401 and RKO, led to a moderate increase in p53 protein and robust induction of p21Cip1 (Figures 1b and c) . BRG1 silencing also increased wild-type p53 protein levels in U2OS cells (Supplementary Figure S2) . To confirm the effects of BRG1 depletion on p53-dependent transcription, we carried out quantitative real-time PCR of p21 transcripts. There was twofold increase in p21 transcripts in BRG1 depleted cells compared with control cells (Figure 1e ). A luciferase reporter under the control of p21 promoter was also used to assess the transcriptional activity of p53 in BRG1-depleted RKO cells. BRG1 knockdown led to a 2.7-fold increase in luciferase activity ( Figure 1f ).
Importantly, BRG1 depletion in HeLa cells led to a striking increase in senescence-associated b-galactosidase, an indicator of the senescent phenotype ( Figure 1d ) and consistent with the induction of p21. Although we predict p21 induction was because of the activation of p53, it might be a consequence of reduced levels of this SWI/SNF subunit affecting another pathway. To address the p53 dependency of p21 induction in BRG1-depleted cells, we generated a HeLa cell line constitutively expressing dominant-negative p53 mutant. These cells were resistant to p21 induction and cell senescence after BRG1 depletion, confirming the p53 dependence of these effects (Supplementary Figures S3 and S6) . Taken together, these data suggest that tumor cells must retain BRG1 expression to restrict transcriptional activation and growth arrest by p53.
BRG1 partners with CBP in regulation of p53
Two lines of evidence hinted that CBP complexes with BRG1. First, CBP recruits BRG1 to the interferon-b promoter (Agalioti et al., 2000) . Second, BRG1 and CBP proteins were co-purified in a complex with an activated form of the transforming growth factor-b pathway effector, Smad2 (He et al., 2006) . These findings prompted us to test whether HATs cooperate with BRG1 to inactivate p53 in the proliferating cells. G401 cells were transfected with short hairpin RNA (shRNA) targeting CBP or p300. Knockdown of CBP reduced levels of CBP protein and conversely increased p53 and p21Cip1 proteins (Figure 2a ). Activation of p53 was also observed in U2OS and HeLa cells after the depletion of CBP (data not shown). CBP knockdown did not alter the levels of BRG1, but there was a slight increase in p300 levels. In contrast, CBP and BRG1 levels remained unchanged and p53 was not activated after silencing of p300. To test p53 transcriptional activity under these conditions, we transfected G401 cells with a luciferase reporter under the control of the p21 promoter along with control, CBP or p300 siRNAs ( Figure 2b ). There was a fourfold induction of luciferase in CBP knockdown cells compared with control and p300 siRNA transfections. To test the biological effect on the p53 pathway, we carried out colony formation assays in G401 cells after RNAi knockdown of CBP and p300. CBP depletion inhibited colony formation in accord with the activation of p53, whereas p300 shRNA did not ( Figure 2c ). Furthermore knockdown of p53 in colony assays showed that cell growth inhibition due to CBP knockdown was p53 dependent. These results imply that both BRG1 and CBP are required for the proliferation of cells that express wild-type p53.
From RNA silencing experiments in cancer cell lines and inhibition of p53 activity by BRG1-CBP partnership, we hypothesized that BRG1 physically interacts with CBP and this complex attenuates p53. We therefore undertook a biochemical approach to test the physical interaction between BRG1 and CBP. Endogenous CBP and p300 immunoprecipitations from HeLa cell extracts showed that each contained BRG1 (Figure 3a ). Interestingly, the CBP immunoprecipitate did not include p300 and the p300 immunoprecipitate did not pull down CBP, implying that BRG1-CBP and BRG1-p300 are distinct complexes. Consistent with these results, BRG1 co-immunoprecipitated both CBP and p300 (Figure 3a 0 ). To ascertain whether BRG1 binds to CBP in vitro, fragments of CBP fused to glutathione Stransferase (GST) were purified from Escherichia coli (Turnell et al., 2005) . Baculoviruses were constructed to express in the insect cell's full-length BRG1 and an inframe deletion (called NBRG) of amino acids 70-340 in the N-terminal proline-rich region (PRR), as this domain is not present in Brm. Binding assays showed that full-length BRG1 protein bound to the C/H3 region of CBP spanning residues 1460-1891 ( Figure 3b ), whereas NBRG did not bind to GST-CBP fragments.
It can be argued that NBRG is misfolded and on this basis is CBP binding defective. Therefore, we introduced NBRG into H1299 cells and analysed the immunoprecipitate for the presence of SWI/SNF subunit, BRG1-associated factor (BAF) 47/Ini1 (Supplementary Figure S4A ). NBRG immunoprecipitates contained BAF47 similar to BRG1. Moreover, we introduced NBRG into SW13 cells and assayed for the induction of the BRG1 transcriptional target CD44 and found that NBRG induced CD44 similar to BRG1 (Supplementary Figure S4B ). BRG1 has been reported to co-immunoprecipitate with p53, though direct binding has not been proven (Lee et al., 2002; Napolitano et al., 2007) . To confirm the BRG1-p53 interaction, we transfected BRG1 and p53 null H1299 cells with Flag-BRG1 and p53. Reciprocal immunoprecipitations of BRG1 and p53 indicate that these proteins interact in vivo (Figures 3c and c 0 ). Additional in vitro binding experiments with purified and benzonase-treated proteins showed that p53 bound to BRG1 and weakly to NBRG (Figure 3d ). These results imply that direct binding of BRG1 to CBP and strong binding of BRG1 with p53 requires the N-terminal PRR of BRG1.
The N-terminal PRR of BRG1 is crucial for p53 destabilization and inactivation Despite a high degree of sequence identity between BRG1 and Brm (Figure 5a ), RNAi depletion of BRG1, but not Brm, activated p53. BRG1, but not Brm or NBRG, co-precipitated p53 (Figure 4b ). We therefore inferred a role for the PRR unique to BRG1 in p53 destabilization. Moreover, as NBRG did not bind CBP, we questioned whether it would exert dominant-negative effects on steady state levels of endogenous p53 and its activation. Overexpression of NBRG or Brm, but not luciferase, increased the levels of p53 protein in HeLa cells (Figures 4c-e ). Cycloheximide chase experiments showed that the heterologous expression of luciferase did not change the half-life of p53 protein, but NBRG and Brm increased the half-life of p53 protein from o30 min to >60 min (Figures 4e and f) .
In another series of experiments, transfection of wildtype p53 inhibited colony formation of C33a cells that lack functional p53 and are deficient for BRG1. Growth suppression of C33a cells by p53 was neutralized by cotransfection with BRG1 but not with NBRG (Supplementary Figure S5 ). Interestingly p53-mediated inhibition of colony formation was reversed by the BRG1-KR point mutant that is defective for chromatin remodeling (Khavari et al., 1993) . As the PRR of BRG1 is required for binding to CBP and p53, these results imply that the PRR is crucial for p53 destabilization and inactivation. Although CBP knockdown was not as complete, we observed a near total abrogation of p53 poly-ubiquitination in HeLa cells. An explanation how this partial CBP knockdown led to abrogation of p53 ubiquitination might be that multiple p53 ubiquitination effectors converge on CBP. Similar results were noted following shRNA silencing of BRG1 in U2OS cells (Supplementary Figure S2 ). Ubiquitination of an unrelated protein was slightly increased in shBRG1-treated cells, indicating that RNAi to BRG1 did not inactivate the ubiquitin pathway (data not shown). Cycloheximide chase experiments indicated prolongation of p53 protein half-life to >2 h after RNAi knockdown of BRG1 (Figures 5b and  c) . CBP knockdown also increased the half-life of p53 protein to 120 min. These results reinforce our model that BRG1 and CBP collaborate to destabilize endogenous p53 protein in proliferating cancer cells.
DNA damage effects on BRG1 and CBP complexes
As RNA silencing of BRG1 and CBP activated p53 and BRG1 interacts with CBP, we hypothesized that BRG1 might dissociate from CBP to allow p53 accumulation. In response to DNA damage, p53 levels began to increase after 6 h (Figure 6a ). To test whether HAT proteins CBP and p300 dissociate from BRG1, we analysed CBP or p300 immunoprecipitations for the presence of BRG1 7 h after doxorubicin treatment. CBP and p300 clearly associated with BRG1 in unstressed cells (Figure 6b, lanes 3 and 4) . On DNA damage, reduced amounts of BRG1 were in complex with CBP and p300 (lanes 7 and 8) . These results support our hypothesis that association of BRG1 with CBP promotes degradation of p53, and conversely, dissociation of BRG1 from CBP after DNA damage allows p53 stabilization and activation.
As BRG1 and CBP modify chromatin fluidity, we reasoned that their inactivation of p53 might occur at a p53 transcriptional target promoter region. To confirm the p21 transcript induction by activated p53, we treated U2OS cells with doxorubicin and assayed p21 transcripts by quantitative real-time PCR. Compared with untreated cells, levels of p21 RNA increased beginning at 4 h after treatment (Figure 7a ). Subsequently we carried out quantitative chromatin immunoprecipitation (qChIP) to determine occupancy of the p21 promoter by p53, BRG1, CBP and p300 in doxorubicin treated versus untreated U2OS cells. Commonly, p53 ChIP assays are conducted using the p53 monoclonal antibody DO-1 that recognizes an epitope on the transactivation region of p53, where mdm2 and other transcription complexes bind. Coincidently this region is subjected to phosphorylation in response to DNA damage signal. Therefore, we deliberately chose to use rabbit antibodies that were raised against the full-length p53 protein to capture p53 at the p21 promoter. The qChIP assay showed that total p53 and p300 present at the p21 promoter were only increased slightly subsequent to DNA damage (Figure 7b ). In contrast, there was reduced CBP and BRG1 after DNA damage compared with untreated cells. These results support our hypothesis that p53 is inactivated at the site of recruitment by a BRG1-CBP complex in the proliferating cells. Conversely, p53 activation corresponded with reduced levels of BRG1-CBP at the p21 promoter.
Discussion
Adenosine triphosphate-dependent multi-protein SWI/ SNF complexes disrupt the nucleosomal barrier and allow transcription to initiate and proceed . Chromatin remodeling enzymes are conserved from yeast to human and have a recognized role in stress responses in yeast (Tsukuda et al., 2005; Papamichos-Chronakis et al., 2006; Downs et al., 2007) . We noticed a striking correlation that several cancer cell lines harboring wild-type p53 uniformly maintain expression of the SWI/SNF subunit BRG1. As p53 induces the expression of proteins that restrict cell cycle progression, it must remain transcriptionally inactive for continuous proliferation of tumor cells. BRG1 has been reported to bind p53, but the biological significance of their interaction remains unresolved. These observations led us to investigate whether BRG1 is merely a chromatinremodeling engine necessary for transcriptional activation but, in addition, may counter p53-induced growth suppression. The biochemical and RNA silencing experiments reported here support a novel role for BRG1 in cooperation with the HAT protein CBP in p53 destabilization that is necessary for inactivation of wild-type p53 in malignant cells.
BRG1 and CBP inactivate p53
Multiple cellular proteins, including Mdm2, Pirh2, ARF-BP1 Cop1, E4F1 and HAUSP, influence stability of the p53 protein (Brooks and Gu, 2006; Le Cam et al., 2006) . We show that RNA silencing of BRG1 decreased p53 ubiquitination and turnover, whereas knockdown of its SWI/SNF paralog Brm did not affect p53 stability. The resulting elevated levels of the p53 transcriptional target p21 efficiently induced the senescence program, indicating that depletion of BRG1 did not interfere with these downstream events. Furthermore, the fact that knockdown of BRG1 activated p53 despite the presence of the other reported p53 ubiquitin ligases implies that BRG1 is a critical regulator of p53. These effects may explain why cancer cells that retain wild-type p53 must express BRG1; conversely pre-neoplastic cells deficient for BRG1 might select for p53 mutations. Accordingly, a recent report found that the elevated levels of BRG1 correlated with aggressive prostate cancer (Sun et al., 2007) . In contrast, Brm expression is often silenced in tumor-derived cell lines (Glaros et al., 2007; Yamamichi et al., 2007) , consistent with our data that Brm overexpression stabilized p53.
Our RNA silencing experiments show that CBP, but not p300, is required for the proliferation and colony formation of cells expressing wild-type p53. This phenomenon is exemplified in the RKO colon cancer cell line (Figure 1c ), which harbors wild-type p53 and maintains normal levels of CBP, yet is p300 deficient (Ionov et al., 2004) . We hypothesize that mitogenic signals promote CBP-BRG1-mediated destabilization of p53 in the proliferating cells. In contrast, in response to genotoxic damage, CBP and p300 switch to become activators by inducing p53 acetylation and activation of its transcription functions (Barlev et al., 2001) . These dual roles for CBP are therefore context dependent. This interpretation may relate to the finding that CBP is required for self-renewal of hematopoietic stem cells (Rebel et al., 2002) . The ability of BRG1 and CBP to inactivate p53 is also consistent with their requirement for the maintenance of pleuripotent embryonic stem cells and proliferation of pancreatic b-cells (Rebel et al., 2002; Hussain et al., 2006; Matsumoto et al., 2006; Miyabayashi et al., 2007) .
The proline-rich region unique to the N-terminus of BRG1 and not present in Brm (Kadam and Emerson, 2003) is necessary for binding to the PHD type zinc finger domain. The PHD domain of mitogen-activated protein kinase MEKK1 acts as an E3 ligase and promotes ubiquitination of Erk1 (Lu et al., 2002) . Overexpression of the CBP-binding defective deletion mutant of BRG1 and NBRG increased levels of the endogenous p53 protein. Similarly, heterologous expression of Brm, which shares all domains with BRG1 except the PRR, inhibited p53 degradation. We suspect that NBRG and Brm stabilize p53 as these proteins bind to subunits of the multi-protein BAF complex and thereby compete with endogenous BRG1. Similar to BRG1, the SWI/SNF family member p400 was reported to inhibit p21 induction by p53 (Chan et al., 2005) . Ini1/BAF47/Snf5 is also a component of BRG1 and Brm containing SWI/SNF complexes. Deletion of Ini1 resulted in the activation of the p53-p21 pathway in mouse embryonic fibroblast cells (Isakoff et al., 2005; Klochendler-Yeivin et al., 2006) . However, assembly of the BRG1 SWI/SNF complex and BRG1-dependent transcription was unaltered in Ini1-deficient cells (Doan et al., 2004) . RNAi knockdown of BRG1 in Ini1deficient G401 cells led to the activation of p53 and induction of p21 in our experiments, suggesting Ini1 is dispensable for p53 inactivation by BRG1.
Context-dependent divergent roles of BRG1 in the control of cell growth BRG1 and Brm genes are mutated or not expressed in a subset of tumor-derived cell lines, suggesting tumor suppressor function (Muchardt and Yaniv, 2001) . The SWI/SNF subunit BRG1 binds to the tumor suppressor retinoblastoma protein Rb through an LXCXE motif and the resultant transcriptional repression complex prevents cell cycle progression (Dunaief et al., 1994; Dahiya et al., 2000; Zhang et al., 2000) . BRG1 haploinsufficient mice developed mammary tumors with a penetrance of 9% but did not phenocopy Rb mutations (Bultman et al., 2008) . Furthermore, the Rb binding site (LXCXE) is not conserved in the Drosophila Brm and a BRG1 mutant lacking the Rb binding motif retained the ability to induce growth arrest (Kang et al., 2004) . A specific role for BRG1 in oncogenic transformation is supported by the observation that Ras-transformed NIH3T3 cells downregulated Brm expression but maintained high levels of BRG1 . Our conclusion that BRG1 restricts p53 activity may explain the apparent duality of BRG1 functions in development and cell transformation.
Although BRG1 deficiency correlates with the absence of wild-type p53 in malignant cells, some BRG1 mutations found in cancer cell lines may retain the ability to counter wild-type p53. It is particularly noteworthy that the BRG1 ATPase mutant retains the ability to inactivate p53, implying that p53 inactivation by BRG1 is chromatin remodeling independent. Moreover our model that BRG1 is required for restricting p53 in dividing cells provides an explanation for embryonic lethality of BRG1 knockout, as absence of BRG1 would result in p53 activation. A critical role for BRG1 in neuronal stem cell maintenance has been proposed as conditional deletion of BRG1 resulted in precocious induction of differentiation (Matsumoto et al., 2006) . Remarkably, a recent report asserted a key role for several chromatin regulators, including Tip60-p400 and BRG1, in the preservation of embryonic stem cell characteristics (Fazzio et al., 2008) . The HAT protein Tip60 was shown to acetylate and activate the transcription function of Myc (Frank et al., 2003; Patel et al., 2004; Awasthi et al., 2005) . Although Tip60 was initially claimed to serve as a Myc co-activator that promotes cell proliferation, subsequent reports showed that its tumor suppressor function is required for oncogene-induced DNA damage response (Squatrito et al., 2006; Gorrini et al., 2007) . A recent study showed opposing roles in cell cycle for SWI/SNF complexes that differed by a single variant subunit (Nagl et al., 2007) . Taken together, these effects illustrate that specific components of multi-protein SWI/SNF and HAT complexes participate in cell proliferation and growth suppression.
In response to DNA damage, less CBP was in complex with BRG1, which correlated with p53 stabilization. Furthermore, there was reduced BRG1 and CBP at the distal p53-binding site of p21 promoter, whereas in contrast, levels of p53 and p300 were slightly increased. It is relevant to note that in stem cells, proteasome and transcription complexes including BRG1 were localized to the regulatory regions of cryptic promoters to maintain the genes potentiated for future activation (Szutorisz et al., 2006) . On the basis of our results and compelling evidence from other laboratories (Kaeser and Iggo, 2002; Espinosa et al., 2003; Chan et al., 2005; Thomas and Chiang, 2005) , we propose a model in which p53 is continuously recruited to its target promoters where it is inactivated by the BRG1 complex containing CBP, and that proliferating cancer cells expressing wild-type p53 retain BRG1-CBP function to circumvent growth arrest. Although chromatin remodeling defective BRG1 restrains p53 activation, p53 may also be regulated in a chromatin-independent fashion by the SWI/SNF protein complex.
Materials and methods
Antibodies p53 DO-1, rabbit anti-p53, anti-mdm2, anti-p21Cip1, antiactin, rabbit anti-E6AP, anti-ubiquitin, anti-CBP and anti-p300 antibodies were purchased from Santa Cruz, Santa Cruz, CA, USA; Flag M2, BRG1, and anti-BRG1 and anti-Brm antibodies (de la Serna et al., 2001) . Monoclonal antibody C1P5 was used to detect HPV 18 E6 (Banks et al., 1987) .
Constructs
A Kozak consensus sequence was introduced at the translation initiation site of BRG1 and Brm. The N-terminal PRR deletion NBRG construct was constructed by deletion of the internal NcoI fragment. BRG1 and NBRG coding regions were transferred into pFASTBAC (Invitrogen, Carlsbad, CA, USA) and recombined in vivo to obtain bacmids. CBP-myc and p300-HA constructs are described elsewhere (Eckner et al., 1994; Kazantsev et al., 1999) .
shRNA constructs
The sequences for shRNA targeting were 5 0 -GATTTGCGA ACCAAAGCGA-3 0 for BRG1, 5 0 -CCAAGTCCTGGACCTC CAA-3 0 for Brm, for CBP 5 0 -TAGTAACTCTGGCCATAG C-3 0 and 5 0 -TCATTTCACACTGGAAGAA-3 0 for p300; shRNA to GFP described in (Berns et al., 2004) . These inverted DNA sequence fragments, along with U6 or H1 promoter, were cloned to Epstein-Barr Virus-based episomal pREP4 (Invitrogen) plasmids.
Transfection
Lipofectamine 2000 (Invitrogen) was mixed at 1:1 with plasmid DNA for 20 min and added to cells. At 24 h after transfection, fresh medium without antibiotics was added.
Immunoprecipitations
Immunoprecipitation buffer (20 mM Tris pH8, 150 mM KCl, 0.5% Triton X-100, 20% glycerol, 10 mM NaF, 2 mM Naorthovanadate, 5 mM EDTA, 5 mM MgCl 2 , 1 mM dithiothreitol and protease inhibitor cocktail (Roche, Indianapolis, IN, USA)) was added to the cells after a phosphate-buffered saline rinse and frozen at À80 1C. Cells were briefly sonicated, supernatants incubated with antibodies and Protein A or G Sepharose, bound protein complexes washed with immunoprecipitation buffer and separated on acrylamide-SDS gels. For immunoprecipitation of poly-ubiquitinated p53, cells were lysed in 50 mM Tris pH 8.0, 150 mM NaCl, 0.5% SDS and protease cocktail and frozen at À80 1C. An equal volume of lysis buffer without SDS was added to the extract before brief sonication. Lysates were diluted to final a concentration of 0.1% SDS and incubated with rabbit anti-p53. Immunoprecipitated p53 proteins were separated on an SDS gel and immunoblotted with ubiquitin antibodies.
Glutathione S-transferase pull-down assay GST fusion proteins were purified from E. coli Baculovirusexpressed Flag-BRG1 and Flag-NBRG proteins were purified on M2 beads and eluted with Flag peptide. Proteins were treated with benzonase to remove nucleic acid contaminants then incubated in 20 mM Tris pH8.0, 100 mM NaCl, 0.5% NP40 and 0.5 mM DTT at 4 1C, washed in binding buffer containing 150 mM NaCl and analysed by polyacrylamide gel electrophoresis.
Senescence associated b-gal assay Senescence assay was conducted as described elsewhere (Dimri et al., 1995) . Briefly, cells were fixed for 5 min with 2% formaldehyde and 0.2% glutaraldehyde. Cells were rinsed with phosphate buffer and developed with 0.1% X-gal solution in sodium citrate buffer (pH 6.0) incubated at 371 C for 24-36 h.
Chromatin immunoprecipitation
Cells were treated with 1.5% formaldehyde at 37 1C for 8 min. Cross-linking was stopped by the addition of glycine to 0.125 mM for 10 min. Cells were rinsed with phosphatebuffered saline and 1 ml of Tris-EDTA buffer and sonicated. Chromatin extracts were cleared by centrifugation followed by incubation with antibodies in chromatin ChIP buffer (0.1% SDS, 1% Triton X-100, 0.1% sodium deoxycholate and 140 mM NaCl). Bound chromatin fragments were washed with ChIP buffer with 300 mM NaCl. Cross-linking was reversed at 65 1C in 300 mM NaCl and 1% SDS. Released DNA fragments were purified on a spin column (Qiagen, Valencia, CA). Quantitative real-time PCR was carried out targeting the distal p53-binding site of the p21Cip1 promoter with primers 5 0 -GGCTGAGCCTCCCTGCATCC-3 0 and 5 0 -CCTGGGGT CTTTAGAGGTCTCCTGTC-3 0 . DNA amplification was measured using Cyber-green.
